Based on findings from observational studies, the timing hypothesis posits that estrogen may preserve neurologic function and decrease the risk of dementia when administered early in menopause; however, the effects may be neutral or even harmful if estrogen is initiated later in life.^[@R1][@R2][@R14]^ Determining the effects of early menopausal hormone therapy (mHT) on the risk of dementia in later life would require decades of follow-up; alternatively, noninvasive imaging biomarkers can potentially assess the efficacy of preventive interventions for cognitive decline and dementia in younger cohorts.

Oral conjugated equine estrogen (oCEE) and transdermal 17β-estradiol (tE2) therapy administered within 3 to 36 months after the onset of menopause in the Kronos Early Estrogen Prevention Study (KEEPS)^[@R15]^ did not have an effect on biomarkers of atherosclerosis or cognitive function during the 4 years of mHT.^[@R16],[@R17]^ On the contrary, the ancillary MRI study of the brain in a subset of the KEEPS participants found greater expansion of the ventricles in the oCEE group compared to placebo, and trends for white matter hyperintensities (WMH) to increase in both the oCEE and tE2 groups during the 4 years of mHT.^[@R18]^ Women who participated in the ancillary KEEPS MRI study were evaluated again 3 years after the end of mHT for global cognitive function and structural brain MRI. A subset of the participants also underwent PET imaging using the Pittsburgh compound B (PiB) ligand for β-amyloid, which showed lower PiB uptake in the tE2 group compared to placebo in an earlier analysis.^[@R19]^ Herein, we report longitudinal changes in structural brain MRI and global cognitive function 3 years after the end of mHT in KEEPS, and the association of these findings with β-amyloid load on PET.

Methods {#s1}
=======

Participants {#s1-1}
------------

KEEPS was a multicenter, randomized, double-blinded, placebo-controlled trial of 2 frequently used formulations of mHT in recently menopausal women with good cardiovascular health (n = 727). Participants enrolled in KEEPS were between 42 and 59 years of age and they were within 5 to 36 months past their last menses.^[@R15]^ An ancillary MRI study to KEEPS was conducted during the 4 years of mHT and also 3 years after the end of mHT at the Mayo Clinic enrollment site to investigate the effects of mHT on brain structure and cognitive function.^[@R18]^ A subset of participants also underwent β-amyloid PiB-PET imaging.^[@R19]^ Participants were excluded from the ancillary KEEPS-MRI study if they had contraindications for MRI safety or neurologic disorders.

MRI examinations and cognitive testing were completed before randomization (baseline) and following randomization to mHT: (1) oCEE (Premarin, 0.45 mg/d); (2) tE2 (skin patch, Climara, 50 μg/d); or (3) placebo pills and patch. To protect the endometrium, progesterone was given orally (Prometrium; micronized progesterone, 200 mg/d) for 12 days at the beginning of each month to both mHT groups, and placebo pill was given to the placebo group. MRI examinations and cognitive testing were performed at 18, 36, and 48 months during the mHT.^[@R15]^ For the current study, MRI and the cognitive tests were repeated at 3 years following the end of the mHT phase, which corresponded to 84 months (7 years) after randomization. All participants were genotyped for the *APOE* ε4 allele.

Standard protocol approvals, registrations, and patient consents {#s1-2}
----------------------------------------------------------------

The present study (NCT00154180; [clinicaltrials.gov/ct2/show/NCT00154180](https://clinicaltrials.gov/ct2/show/NCT00154180)) was approved by the Mayo Clinic institutional review board (no. 224104). All participants provided written informed consent.

Cognitive testing {#s1-3}
-----------------

To assess the underlying structure of baseline cognitive data from the KEEPS Cognitive and Affective Study (NCT00623311), a confirmatory factor analysis was used and summary scores were derived (n = 662).^[@R20]^ The cognitive variables were summarized in a general domain representing global cognitive function using standard criteria for model fit.^[@R17]^

Magnetic resonance imaging {#s1-4}
--------------------------

All MRI studies were performed on a single 1.5-tesla system, with an 8-channel phased-array coil (GE Healthcare, Waukesha, WI). A 3-dimensional (3D) T1-weighted sequence was acquired for volumetric analysis and fluid attenuated inversion recovery--MRI was acquired for quantification of WMH volume. Changes in ventricle and whole brain volumes were calculated automatically from each registered 3D T1-weighted scan pair using the boundary shift integral and were expressed in cubic centimeters of volume change from baseline for each follow-up time point.^[@R21]^ WMH volumes were derived from semiautomated segmentation of fluid attenuated inversion recovery images as previously described.^[@R22]^ Annual percent change in volume was calculated for anatomical structures such as the whole brain and ventricular volumes. Total change in volume was calculated for the WMH lesion load.

Regional change in cortical volumes by 84 months was estimated with an automated, in-house--developed implementation of tensor-based morphometry using symmetric diffeomorphic normalization.^[@R23]^ This method uses the symmetric diffeomorphic registration between serial T1-weighted MRIs. The annualized log determinants of the Jacobians of these deformations were determined for each voxel. An in-house--modified atlas of 21 regions of interest (ROIs) that covered the entire cortex in both hemispheres^[@R24]^ was applied to the annualized log Jacobian images to determine the magnitude of cortical volume change from baseline in each ROI.

PiB-PET {#s1-5}
-------

A PET/CT scanner (DRX; GE Healthcare) operating in 3D mode was used. Participants (n = 68) were injected with an average of 596 MBq ^11^C-PiB (range, 292--729 MBq). After a 40-minute uptake period, a 20-minute scan consisting of four 5-minute dynamic frames was obtained. PiB-PET quantitative analysis was performed using the fully automated image processing pipeline as previously described,^[@R25]^ and PiB retention was calculated by the PiB standard unit value ratio (SUVR) referenced to cerebellar gray matter.

Statistical analysis {#s1-6}
--------------------

Baseline characteristics were compared among oCEE, tE2, and placebo groups using analysis of variance followed by Tukey pairwise tests, or Fisher exact tests, as appropriate. In the descriptive table, the pairwise test results are reported for each of the treatment groups compared to placebo when significant. Changes in the outcomes from baseline were shown using plots of mean values and 95% confidence intervals at each time point. Associations across the outcome variables were assessed using scatterplots with Pearson correlation coefficients and their associated *p* values.

The annual percent change in ventricular and whole brain volumes, WMH volumes, and global cognitive scores over time were modeled to compare each of the mHT treatment groups to placebo using linear mixed models and by including random subject-specific intercepts, slopes, and treatment × time interactions. The classification of evidence was Class III for the primary research objective. To investigate the changes that occurred before and after mHT, each of the oCEE and tE2 groups was compared to placebo on the annual percent change in whole brain and ventricular volumes, total change in WMH volumes, and global cognition scores by *t* tests. There was no adjustment for multiple comparisons in reporting these results, because the analyses on the effects of each of the 2 mHT formulations on brain structure was determined a priori. Furthermore, results from the 2 mHT groups were compared to each other, but not pooled because of the differences in formulations and route of administration.

Regional cortical volume changes in each of the oCEE and tE2 groups were compared to placebo using area under the receiver operating characteristic curve analysis for 21 ROIs combining the right and left hemispheric regions. Because 21 ROIs were compared to placebo, the analyses were corrected for multiple comparisons by using the false discovery rate.

Results {#s2}
=======

All women enrolled in KEEPS at the Mayo Clinic in Rochester, MN (n = 118), were invited to participate in the ancillary KEEPS-MRI study. Twelve women declined participation in MRI and 5 participants were excluded because of neurologic disorders or MRI contraindications. Of the participants who underwent an MRI at baseline (n = 101), those who completed a follow-up MRI 3 years after the end of the mHT phase (n = 75; 84 months after the baseline evaluation; figure e-1, [links.lww.com/WNL/A366](http://links.lww.com/WNL/A366)) were included. At baseline, cardiovascular risk factors and global cognitive performance were not different among women assigned to either of the 2 mHT groups compared to placebo. However, women assigned to the tE2 group had a higher frequency of *APOE* ε4 carriers (48%) compared to those assigned to placebo (16%; *p* = 0.03). None of the participants had silent infarcts on baseline and follow-up MRI examinations. However, the WMH volume at baseline was higher in the tE2 group compared to placebo after adjusting for the log-transformed total intracranial volume (*p* = 0.04) ([table 1](#T1){ref-type="table"}). These characteristics were not different between women who completed the follow-up at 3 years after the end of the mHT phase and those who did not complete the follow-up and, therefore, were excluded from the current study (table e-1, [links.lww.com/WNL/A367](http://links.lww.com/WNL/A367)).

###### 

Baseline characteristics of the participants

![](NEUROLOGY2017832436TT1)

The results of linear mixed-effects models are summarized in [table 2](#T2){ref-type="table"}. Treatment × time interactions indicated that the WMH volume increased faster in the oCEE group compared to placebo (*p* \< 0.05). [Figure 1](#F1){ref-type="fig"} shows the trajectories of structural brain changes and changes in global cognitive function in the tE2, oCEE, and placebo groups. The whole brain volumes showed a decline in the oCEE group more than the placebo group during the 48 months of the mHT phase. However, this trend was reversed, and the decline in whole brain volumes was less than in the placebo after the mHT ended (*p* = 0.02). Overall, the decline in whole brain volumes was not different between the oCEE and placebo groups by 84 months. Similarly, increases in ventricular volume during the 48 months of the mHT phase were greater in the oCEE group compared to the placebo, but this increase slowed after the end of mHT, and was not different from placebo by 84 months after starting mHT. The mean increases in WMH volume from baseline were greater in the oCEE group compared to placebo by 84 months (*p* = 0.03). The increases in WMH did not reach statistical significance in the tE2 group compared to placebo (*p* = 0.17) (table e-2, [links.lww.com/WNL/A367](http://links.lww.com/WNL/A367)). There were no differences in global cognitive *z* score change in the oCEE and tE2 groups compared to placebo by 84 months. Furthermore, no correlation was observed between the change in global cognitive *z* score and the change in ventricular (*p* = 0.94), whole brain (*p* = 0.77), and WMH (*p* = 0.92) volumes after adjusting for age. The changes in global cognitive scores, ventricular, whole brain, and WMH volumes did not differ between the oCEE and tE2 groups.

###### 

Change in imaging markers and global cognition in the linear mixed-effects models, comparing oCEE and tE2 groups to placebo

![](NEUROLOGY2017832436TT2)

![Changes in brain structure and global cognitive function\
Longitudinal change in global brain structure and global cognitive function (\[A\] whole brain, \[B\] ventricle, \[C\] WMH, \[D\] global cognition) in the tE2, oCEE, and placebo groups during mHT (0--48 months) and during the 3 years after mHT (48--84 months). Shaded panels represent the clinical trial phase. mHT = menopausal hormone therapy; oCEE = oral conjugated equine estrogen; tE2 = transdermal 17β-estradiol; WMH = white matter hyperintensity.](NEUROLOGY2017832436FF1){#F1}

Although the tE2 group had greater WMH volumes at baseline compared to placebo, accounting for the WMH volumes at baseline did not alter the differences between the mHT groups (oCEE and tE2) compared to placebo (supplemental results, [links.lww.com/WNL/A368](http://links.lww.com/WNL/A368)). A subset of participants (n = 11) continued to receive mHT for a range of 1 to 13 months after the end of the mHT phase of the trial. Two of the participants (one in the oCEE group and one in the placebo group) were taking oCEE, and 9 of the participants were taking tE2 (4 in the oCEE group and 5 in the tE2 group) during this time frame. A sensitivity analysis after removing these individuals did not alter the findings (data not shown).

A total of 21 ROIs, which covered the entire cerebral cortex (averaged for the right and left hemispheres), were analyzed to determine the differences in the rate of regional cortical volume change over the 84 months of follow-up. Lower annualized rates of decrease in superior and middle frontal gyri cortical volume were observed in the tE2 group compared to placebo (*p* = 0.04; false discovery rate--corrected for multiple comparisons) (figure e-2, [links.lww.com/WNL/A366](http://links.lww.com/WNL/A366)). No differences in the rates of regional cortical volume change were observed between oCEE and placebo groups ([figure 2](#F2){ref-type="fig"}). Superior and middle frontal gyri cortical volumes were summed to investigate the association of the rates of cortical volume change in the composite ROI with PiB SUVR at 84 months and with the change in global cognitive function by 84 months. Greater preservation of the superior and middle frontal gyri cortical volumes correlated with lower PiB SUVR only in the tE2 group (*r* = −0.51; *p* = 0.02), but not in the oCEE (*r* = 0.16; *p* = 0.54) or placebo (*r* = 0.02; *p* = 0.93) group, and the *APOE* ε4 status did not modify these correlations (*p* \> 0.85; [figure 3](#F3){ref-type="fig"}). The correlation between the superior and middle frontal gyri cortical preservation with lower PiB SUVR in the tE2 group attenuated after adjusting for age (*r* = −0.42; *p* = 0.07). Furthermore, no correlation was found between the change in superior and middle frontal gyri cortical volume and global cognitive function in the tE2 (*r* = 0.25; *p* = 0.27), oCEE (*r* = 0.31; *p* = 0.22), or placebo (*r* = 0.03; *p* = 0.86) group.

![Longitudinal change in dorsolateral prefrontal cortex volumes by 7 years\
(A) Location of the superior and middle frontal gyri regions of interest (i.e., dorsolateral prefrontal cortex) is shown on a 3-dimensional surface render of the template brain. (B) Log Jacobian values for the annualized change in superior and middle frontal gyri cortical volumes are displayed in box-and-whisker plots. DLPF = dorsolateral prefrontal; oCEE = oral conjugated equine estrogen; tE2 = transdermal 17β-estradiol.](NEUROLOGY2017832436FF2){#F2}

![Correlations between PiB SUVR (i.e., β-amyloid) deposition and reduction of cortical volume in superior and middle frontal gyri\
Correlation of global cortical PiB SUVR with the log Jacobian values of the annualized change in superior and middle frontal gyri cortical volumes 7 years after randomization in the (A) oCEE (n = 17), (B) tE2 (n = 21), and (C) placebo (n = 30) groups. Participants who were *APOE* ε4 positive are plotted with red circles. A correlation was observed in the tE2 (*r* = −0.51; *p* = 0.02), but not in the oCEE and placebo groups. Removal of the outlier in the tE2 group strengthened the correlation but did not change the findings (*r* = −0.74; *p* ≤ 0.001). The correlations were not modified by *APOE* ε4. oCEE = oral conjugated equine estrogen; PiB = Pittsburgh compound B; SUVR = standard unit value ratio; tE2 = transdermal 17β-estradiol.](NEUROLOGY2017832436FF3){#F3}

Discussion {#s3}
==========

The main finding of this study is that the rates of change in global brain volumes and cognitive function in women randomized to 2 commonly used formulations of mHT (tE2 or oCEE) did not differ from placebo 3 years after exposure to mHT. WMH volume increased in both the oCEE and tE2 groups, but the rates of increase in WMH volume was statistically significantly greater than placebo in the oCEE group but not in the tE2 group. Dorsolateral prefrontal cortex volumes were preserved in the tE2 group relative to placebo during the treatment and in the 3 years following treatment. Furthermore, greater preservation of the dorsolateral prefrontal cortical volume correlated with lower global cortical β-amyloid deposition in the tE2 group.

During the 4 years of the mHT in KEEPS, the global changes in brain structure measured with ventricular volumes showed greater rates of expansion in the oCEE group compared to the placebo group.^[@R18]^ However, 3 years after the end of mHT, the rate of ventricular expansion was no longer different from the placebo group, suggesting that a higher rate of change in brain structure in the oCEE group was a transient effect that occurred only during the mHT phase as shown previously,^[@R18]^ and did not persist after mHT was discontinued. The finding of normalization of changes in brain structure to those observed in the placebo group after cessation of the mHT confirms that the accelerated brain structural changes observed in the oCEE group during the mHT phase were directly caused by oCEE. Furthermore, these findings are consistent with the Women\'s Health Initiative Memory Study (WHIMS)-MRI, in which the effects of mHT on brain volumes of older women were present soon after the oCEE treatments,^[@R26]^ but did not continue to decline faster than placebo after the end of oCEE therapies.^[@R27]^ The biological basis of structural brain changes during oCEE treatments needs further investigation.

The rates of global cognitive function change did not differ from placebo by 7 years, which is consistent with the changes observed during the mHT phase in the KEEPS-cognitive study.^[@R17]^ The absence of cognitive effects of mHT during and immediately after mHT is also consistent with the Early versus Late Intervention with Estradiol Study in recently menopausal women, which showed no cognitive effects of early menopausal mHT.^[@R28]^ However, the absence of effects on global cognitive function by 7 years does not rule out potential long-term cognitive effects of the brain structural changes observed in the oCEE group during the mHT phase. Alteration of brain structure during midlife may influence cognitive outcomes later in life.^[@R29]^

Contrary to the changes in global brain volumes, the WMH volume showed a trend of increase both during and after the end of mHT. This trend of increase in WMH volumes was present both in the oCEE and tE2 group. Although the magnitude of increase in WMH volume from baseline to month 84 was similar in the oCEE (mean increase = 0.08 cm^3^) and tE2 (mean increase = 0.07 cm^3^) groups, the rate of increase in WMH volume was statistically significantly greater than placebo only in the oCEE group. WMH are associated with hypertension and small vessel ischemic disease that may influence cognitive function in older adults.^[@R30][@R31][@R32]^ However, little is known about the significance of WMH volume in middle-aged women with good cardiovascular health.^[@R33]^ In the current KEEPS cohort, presence of a greater concentration of thrombogenic platelet-derived microvesicles in the blood at baseline was associated with a greater rate of increase in WMH volume during the mHT phase of the trial.^[@R22]^ It is possible that the thrombogenic properties of estrogens have influenced the rate of increase in WMH volume in women randomized to mHT. The relationship of thrombogenic microvesicles to development of WMH after stopping mHT remains to be determined.

As expected in an aging cohort, the cortical volumes declined over the 7 years of follow-up. However, an unbiased region-based analysis showed that the volume of the dorsolateral prefrontal cortex was preserved more in the tE2 group compared to placebo. Furthermore, greater preservation of the dorsolateral prefrontal cortical volume correlated with lower global cortical PiB uptake on PET only in the tE2 group. In an earlier study, we had observed lower global cortical PiB uptake in the tE2 group compared to placebo.^[@R19]^ In this study, we found an association between the lower PiB uptake (i.e., β-amyloid deposition) and the preservation of the dorsolateral prefrontal cortex volume in the tE2 group, suggesting that both may be influenced by the integrity of estrogen receptors (α and β) in the brain. Estradiol exerts its effects on the brain, such as maintaining synaptic integrity,^[@R34]^ and facilitating the production of soluble β-amyloid, through the estrogen receptors.^[@R35]^ For example, estrogen treatment increases the number of dendritic spine numbers in the prefrontal cortex and the hippocampus of ovariectomized female rhesus monkeys.^[@R36]^ With the reduction of estrogens after menopause, and with aging, the density of estrogen receptors decline.^[@R36]^ Administration of mHT soon after menopause may delay this decline in the estrogen receptors, and the effects of estrogens may be maintained during the early menopausal years. Furthermore, these effects may be age-dependent, because the association of preservation of the dorsolateral prefrontal cortex and PiB uptake attenuated after adjusting for age in the current study.

Contrary to the observations in the tE2 group, regional changes in brain structure were not observed in the oCEE group. Furthermore, PiB uptake in the oCEE group was not different from placebo in the earlier study,^[@R19]^ suggesting that these effects of mHT on the brain does not extend to all formulations of mHT. It is expected that the various circulating products of estrogen metabolism in oCEE would have different efficacy in binding and activation of estrogen receptor--mediated events such as β-amyloid clearance and the production of soluble β-amyloid.^[@R35],[@R37]^ For example, serum levels of estrone and of sulfonated conjugates are greater with oCEE than with tE2; therefore, the systemic effects and the receptor-mediated effects of oCEE on the brain may be different from the effects of tE2. Overall, the relative preservation of dorsolateral prefrontal cortical volume in the tE2 group over 7 years suggests that tE2 may have long-term effects on the brain.

In the WHIMS, women with type 2 diabetes, who received oCEE treatments, had a higher incidence of cognitive impairment^[@R38]^ and greater loss of brain volume^[@R39]^ than nondiabetic women. Because KEEPS was conducted in recently menopausal women with good cardiovascular health, it was not possible to investigate the effects of type 2 diabetes or other cardiovascular risk factors on our findings. As such, the results may not be generalizable to women with high cardiovascular risk or type 2 diabetes.^[@R40]^ However, in this relatively healthy cohort of women, it was possible to directly observe the effects of mHT on the brain structure, without interference from contributing cardiovascular risk factors. Although we were able to retain 74% of the baseline KEEPS-MRI study cohort over the 7 years of follow-up, this was a relatively small sample. Evaluation of a larger cohort of KEEPS participants to study the long-term effects of mHT on the brain and cognitive function is warranted.
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